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A Silicon light phase modulator based on the gate-all-around 
MOSFET technology 

Doable gate (DG) and gate-all-aroTind (GAA) MOS electronic devices have been proposed, 
analyzed and validated in the last few years in order to develop new device structures that can 
^ keep pace witli the SIA roadmap [1-4]. 
The concept of those devices is to have a thin Silicon film between two gate oxide parallel 
layers (for the case of the DG), or to have a thi.-n Si fihn completely wrapped by the gate oxide 
(for the case of the GAA). For thick silicon films this would be nothing more than having two 
or four MOS transistors in parallel in a fancy compact integration configuration, but for thin 
Si films quantum effects becomes relevant, changing dramatically the device performances. In 
the subthreshold region, in fact, the film is completely depleted, and at the threshold voltage 
the whole film, if sufficiently thin, becomes inverted (volume inversion region) and, in this 
case, the inverted carriers need to be considered as a quantum two dimensional electron gas. 
The result is that the "whole film volume becomes the conducting channel thus avoiding the 
typical MOS stray effects due to the surface channel. The advantages arc: higher mobility and 
transconductance, near ideal subdireshold slope, low subthreshold capacitance, and good 
scalability, just to cite the most important ones. 

Though the first reported results of GAA MOS devices have been shown in Silicon on 
insulator (SOI) substrates, a new substTate, called Silicon on nothing (SON), looks very 
promising and a first demonstration has been published in 2002 [5], SON substrates have been 
initially developed with the purpose of enhancing the characteristics of fully depleted SOI 
MOS devices in a new cheaper substrate [6, 7]. The basic concept is to have a Silicon 
Germanium sacrificial layer between the bulk and the thin, device, Silicon layer. The SiGe 
layer can be then selectively etched during the fabrication process, just above the transistor 
channel, to isolate it from the bulk beneath; the source and drain regions remain, on the 
conti-ary, contacted with the bulk Silicon. The resulting MOS transistor has all the advantages 
of thin film channels isolated from the bulk (lov/ stray capacitance, fully depletion), like in 
SOI substrates, together with a new heat evacuation method through the substrate via source 
and drain, solving^bnc of the major drawbacks of SOT. Other relevant advantages have been 
reported in the literature [6,7]. 

We have conceived a new device for light phase modulation in Silicon based on the GAA 
structure. This device can be fabricated in a SON substrate using the same process developed 

for electronic devices. 

Light phase modulation in Silicon can be peifoimcd by thermal heating, or by variation of 
free charges. The first one is a slow phenomenon and cannot be useful for state of the art 
applications like fast switching and optical clock distribution. The injection of free chatges is 
a much faster physical effect, but the best reported results to date are limdted in the 20 MHz 
range [8, 9], which is still to slow. Another improvement has been recently shown in a 
capacitive device [10], in which, recombination due to charge current flow is absent and 
hence the modulation frequency can reach the GHz range; on the other hand the very small 
effective area where the modulation is perfotmed make its ef6.ciency very small. 
Concerning optoelectronics on Silicon the trend today, is for scaling waveguide dimensions 
into the micron and even submicron region, while until now dimensions are rather in the 5 to 
10 lam range. Despite the inevitable difficulty in injecting light in submicron waveguides (also 
caUed photonics wires), the high index contrast of such structures will provide high field 
confinement and, consequently, the possibility to access extreme bending (}xm radii). Very 
compact structures are one key element for optical clock distribution but to address such 
specific application very fast Ught modulation and light detectors are required. 



Copia de confirmatloS 



Our invention, though concerning primarily the light modulation, is conceived also to be 
direcdy co-integrable in a system having Si-based photonics wires and SiGe photodetectors. 
The device we propose is shown in figure 1. A Silicon photonic wire with dimensions in the 
range 10 x 10 to 200 x 200 nm^ is wrapped in a thin (10 nm) oxide and again this last odq is 
wrapped in a poly-silicon covering. This whole structure also behaves optically as a photonic 
wire, and it constitutes the typical GAA structure, which can be developed either as a 
^transistor or as a capacitor. For thick Si wires the device will be composed of a doped Si 
which will be fully depleted at the threshold voltage thus enabling light modulation by charge 
variation. For thinner Si, it is possible to use light doped Si and to access the volume 
inversion region at Che threshold voltage to create charge injection. In both cases electronic 
physics will not be related to charge recombinarion and/ consequently, GHz modulation 
frequencies become accessible. 

For optical reasons the total device structure should not exceed the single mode propagadon 
condition, which has been roughly calculated to about "'Beighrx Width < 0.15 \mi^"\ Special 
attention at the fabrication process needs also to be considered: the roughness of the Si surface 
must be kept well below --10 nm rms in order to have reasonable propagaiion losses 
(< IdB/cm); the poly-silicon also requires special process to keep low losses (< lOdB/cm). 
The effective modulation area being much larger than the one proposed in [10], the efficiency 
of this device can be much higher, thus keeping reasonable lengths (100 |j-m to 1 mm) which 
help keeping the device total losses low. Results reported in the literature concerning similai* 
structures are very promising in terms of fabrication capability, but no publication exists yet 
on ihe device presented figure 1, with respect to its utilization as alight phase modulator. 



AV 




Figure 1. GAA-based Silicon light phase modulator. 



We have performed preliminary simulations studies on the optical propagation properties and 
on the electronic properties of the presented device, and the results confirm our idea; more 
accurate studies are on going in order to optimize the device parameters and better predict its 
perfonnances. 

This device can be fabricated in a SON substrate by first selectively etching the SiGe buried 
layer in the region where the modulator will be realized, leaving a suspended Si v/ire which 
can be successively wrapped in oxide and poly-silicon. This process technique developed in 
ST microelecu'onics is a key technological requirement for the fabrication of this device. 
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Pillars, which provide macerial anchoring and electrical contact to the wire, can be made small 
enough to have neg.l jgible perturbation of the propagating light. 

The use of SON substrates, as mentioned above, is an ideal choice also for co-intcgx'ation of a 
Si/Ge photodetector, which is actually tlae most efficient way to fabricate a photodiode in a 
Silicon based technology for the IR spectral region. 

In figure 2 it is schematically shown this principle: the Si/Gc sacrificial layer is not etched in 
.correspondence of the area where a photodetector is required, the index difference between 
Silicon and Si/Ge is responsible for autoro.atically coupling the light incoming from the 
suspended Si photonic wire into the photodetector active area. 




Figure 2. Schemadc of co-integratLon of a Sl/Ge photodiode with a Si photonic wire in SON substrates. 
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Claim 

Silicon light phase modulator based on the gate-all-around MOFSET technology. 
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Abstract 

Silicon light phase modulator based on the gate-all-around MOFSET technology. 



